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Four turmeric ﬂour fractions (F1, F2, F3, and F4) were produced from the turmeric dye extraction residue
by wet milling and sieving for ﬁlm production. F2, which presented the lowest lignocellulosic and the
highest starch content, provided the best material for ﬁlm production. The main objectives of the present
study were (i) to evaluate the effect of heating temperature (T) and pH on the mechanical and functional
properties of F2 ﬁlm plasticized with glycerol, and (ii) to optimize the process conditions (T, pH) by
response surface method and multi-response analyses. Higher T (>90 C) and alkaline pH produced a
denser and mechanically stronger polymer matrix and more soluble ﬁlm. In contrast, less soluble ﬁlms
were produced at intermediate T and pH. The effect of T and pH on the mechanical properties and
solubility of turmeric ﬁlms is associated with starch gelatinization and protein solubilization and
denaturation. High T produced loss of the curcuminoids and antioxidant activity of turmeric ﬁlms. The
optimal conditions were T of 85.1 C and pH of 8.1. These conditions yielded ﬁlms with high mechanical
strength (9 MPa), low solubility (37%), and low water vapor permeability (0.352 g mm h1 m2 kPa1).
© 2015 Elsevier Ltd. All rights reserved.1. Introduction
Edible and/or biodegradable ﬁlms from biopolymers originating
from agricultural sources could substitute non-degradable syn-
thetic plastics in packaging materials. Researchers are currently
exploring different materials such as ﬂour extracted from agricul-
tural sources in an attempt to improve the properties of biode-
gradable ﬁlms. Because this ﬂour consists of natural blends of
starch, protein, and lipid that remain in their original system, it is a
new candidate material in the area of biodegradable and edible
ﬁlms (Baldwin, Nisperos-Carriedo, & Baker, 1995; Tapia-Blacido,
Mauri, Menegalli, Sobral,& A~non, 2007). Researchers have obtained
ﬂour from raw materials of plant origin such as fruits, cereals, tu-
bers, and rhizomes to prepare biodegradable ﬁlms (Andrade-
Mahecha, Tapia-Blacido, & Menegalli, 2012; Dias, Muller,
Larotonda, & Laurindo, 2010; Gontard, Guilbert, & Cuq, 1993;
Pelissari, Andrade-Mahecha, & Sobral, 2013; Tapia-Blacido et al.,
2007; Tapia-Blacido, Sobral, &Menegalli, 2011). A recent trend has
been to employ industrial residues to produce ﬂour from natural: þ55 16 33159101.
cido).mixtures of biopolymers, which may provide the packaging market
with a competitive product.
Curcuma longa L. belongs to the family Zingiberaceae, commonly
known as turmeric. This herb is bright yellow because it contains
the curcuminoids curcumin, demethoxycurcumin, and bisdeme-
thoxycurcumin. Curcumin is a diphenolic compound that exerts
anti-inﬂammatory action; it can potentially treat cystic ﬁbrosis,
Alzheimer's, malarial diseases, and cancer (Joshi, Jain, & Sharma,
2009; Yallapu, Jaggi, & Chauhan, 2012). The turmeric resin oil
usually contains 30e45% of curcuminoids and 15e20% of volatile
oil. Extraction of this resin oil generates a residue that consists
mainly of starch and ﬁbers; this residue may also present residual
levels of curcuminoids with antioxidant properties (Braga, Leal,
Carvalho, & Meireles, 2003; Braga, Moreschi, & Meireles, 2006;
Kuttigounder, Rao, & Bhattacharya, 2011). In a previous study, our
research group demonstrated that the ﬁlm produced from the
turmeric dye extraction residue and containing sorbitol as plasti-
cizer exhibited antioxidant activity and could constitute an active
packaging material. However, these ﬁlms had poor elongation at
break (Maniglia, Domingos, de Paula, & Tapia-Blacido, 2014).
In this scenario, the present work reports on the development of
a bioactive turmeric ﬂour ﬁlm plasticizedwith glycerol. The heating
temperature and the pH used during turmeric ﬂour ﬁlm production
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groscopic molecule, glycerol addition to ﬁlm-forming solutions
prevents ﬁlm brittleness (Karbowiak et al., 2006), and glycerol is
almost always systematically incorporated in most hydrocolloid
ﬁlms (Cuq, Gontard, Cuq, & Guilbert, 1997; Zhang & Han, 2006).
2. Material and methods
2.1. Materials
The dried, milled, and sieved (0.250 mm) turmeric (Curcuma
longa L) was supplied by the industry “Flores and Ervas” (Campinas,
Brazil). The turmeric residue (R) was obtained from turmeric dye
extraction by the Soxhlet method at ~47 C, for 3 h. A mixture of
ethanol/isopropanol (1:1 v/v) (Synth-S~ao Paulo, Brazil) was used as
solvent during Soxhlet extraction, because this is the mixture
employed by the dye industry in Brazil.
Glycerol, used as plasticizer, was purchased from SigmaeAldrich
(S~ao Paulo, Brazil).
2.2. Preparation of turmeric ﬂour from the turmeric dye extraction
residue
Wet milling of R yielded the turmeric ﬂour (Fig. 1). First, R was
steeped in water at 5 C, for 24 h. Next, R was milled and passed
through 80-mesh screens four times. Then, the material was sieved
through 200- and 270-mesh screens. The solids retained in the 80-Turmeric residue
Steeping time H2O, 24 h, 5ºC
Milling
Sieving 80 mesh screen F1
Recycle four times
Liquid fraction
F4
Sieving 200 mesh screen
Drying
Drying
Centrifugation
Sieving 270 mesh screen
F2 Drying
F3 Drying
Fig. 1. Procedure employed to produce turmeric ﬂour fractions.(F1), 200-(F2), and 270-(F3) mesh screens were dried at 35 C, for
24 h, in an ovenwith forced circulation (MAQ314M, Quimis, Brazil).
The liquid fraction was centrifuged at 6000  g and 10 C, for
20 min, to separate the solids, which were dried at 35 C, for 24 h.
This material was called F4.
2.3. Turmeric ﬂour characterization
The turmeric ﬂour moisture, crude protein, and ash contents
were analyzed according to standard AOAC methods (AOAC, 1997).
The lipids content was calculated by the method of Bligh and Dyer
(1959). Cellulose was determined on the basis of the methodology
described by Sun (2004). Hemicellulose was determined by HPLC,
according to the methodology described by Gouveia, Do
Nascimento, & Souto-Maior (2009). Klason lignin was determined
by the TAPPI T 222 om-22 (2002) method, and soluble lignin was
analyzed by measuring the absorbance at 280 nm. All the analyses
were performed in triplicate.
2.4. Film preparation
The turmeric ﬂour ﬁlms were prepared by casting of the F2
turmeric ﬂour fraction. Initially, a suspension of 5 g of ﬂour/100 g
was prepared in deionized water and homogenized for 30 min in a
magnetic stirrer (IKA MAG ® C-HS7-Marconi, Brazil). The pH was
adjusted, and the solution was heated for 4 h. During this period,
the solution was submitted to 2-min homogenization cycles at
12,000 rpm at every hour; an ultra-turrax homogenizer (Ultra-
cleaner 1400, Unique, Brazil) was employed. The pH (6.59, 7.0, 8.0,
9.0, or 9.41) and T (78, 80, 85, 90, or 92 C) were varied according to
a 22 central composite design (star conﬁguration). Next, 22 g of
glycerol/100 g of ﬂour was added, and the mixture was heated for
20 min. The solution was poured onto acrylic plates (a weight of
0.15 g m2 was maintained), and dried at 35 C, for 7 h, in an oven
with forced circulation (MA Q314M, Quimis, Brazil). Before char-
acterization, all the ﬁlms were preconditioned for at least 48 h in
desiccators containing saturated NaBr solution (58% RH).
2.5. Mechanical properties
The mechanical tests were performed on a texture analyzer TA
TX Plus (TA Instrument, England). The tensile strength (TS) and
elongation at break (E) were obtained according to the ASTMD882-
95 method (ASTM, 1995), by taking an average of ﬁve de-
terminations in each case. The crosshead speed was 1.0 mm s1,
respectively. Young's modulus (YM) was calculated as the inclina-
tion of the initial linear portion of the stress versus strain curve,
with the aid of the software Texture Expert V.1.22 (SMS).
2.6. Solubility in water (S) and moisture content (MC)
Solubility was calculated as the percentage of dry matter of the
solubilized ﬁlm after immersion in water at 25 ± 2 C for 24 h
(Gontard, Guilbert,& Cuq, 1992) as described by Tapia-Blacido et al.
(2011). The moisture content in the ﬁlms was also determined by
drying the materials in an oven at 105 C until constant weight
(~24 h). The analyses were performed in triplicate.
2.7. Water vapor permeability (WVP)
The water vapor permeability (WVP) test was performed at
25 ± 2 C, in triplicate; a modiﬁed ASTM E96-95 (ASTM, 1995)
method was used. Film samples were sealed over the circular
opening of a permeation cell containing silica gel. Then, the cells
were placed in desiccators containing distilled water. After the
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weighed every 1 h, for 9 h, on an analytical scale. The WVP was
calculated as described by Maniglia et al. (2014).
2.8. Optimal turmeric ﬂour ﬁlms antioxidant activity
The antioxidant activity of the optimal turmeric ﬂour ﬁlms was
determined by DPPH, and the curcuminoids content was quantiﬁed
by HPLC (Model: CTO-10ASVP, Shimadzu) according to the meth-
odology described by Maniglia et al. (2014). The remaining DPPH
was calculated based on the absorbance at 517 nm (HP Hewlett
Packard 8453 spectrophotometer). The control consisted of 500 mL
of DPPH solution (0.06 mmol L1). The radical scavenging activity
(RSA) was determined according to the following equation
(Martins, Cerqueira, & Vicente, 2012):
%RSA ¼ 100

1 Asample
Acontrol

(1)
where Asample ¼ absorbance of the solution containing the sample,
and Acontrol ¼ absorbance of the DPPH solution without addition of
the ﬁlm.
2.9. Scanning electron microscopy (SEM)
The turmeric ﬂour fractions and the optimized ﬁlms obtained
from the experimental design were placed in aluminum holders
and coatedwith gold by sputtering (Sputter Coater, model SCD050).
A Microscope Scanning Electron mark model ZEISS EVO-50 under
accelerating voltage of 20 kV was used to analyze samples.
2.10. Experimental design
The surface-response methodology was used to study how the
heating temperature (T) and the pH of the solution affected TS, E, S,
MC, and WVP. To this end, a 22 central composite design (star
conﬁguration) was employed.
An analysis of variance (ANOVA), a multiple comparison test,
and all statistical analyses were performed using the Statistica 12
software (StatSoft). The data were ﬁtted to a second order equation
(Equation (2)) as a function of the independent variables.
Yi ¼ b0 þ b1X1 þ b2X2 þ b12X1X2 þ b11X21 þ b22X22; (2)
where bn were constant regression coefﬁcients, Yi were the
dependent variables (T, E, S, MC, andWVP), and X1 and X2 were the
coded independent variables (T and pH, respectively).
After the surface-response results were obtained, the process
conditions were optimized bymulti-response analysis (Derringer&
Suich, 1980). This method transformed response variables (Yi) into
an individual function of dimensionless desirability (gi) (EquationTable 1
Chemical composition (g/100 g db) of the different turmeric ﬂour fractions.
Moisturea Protein Lipid Ashes Starch
R 5.44 ± 0.09d 9.33 ± 0.01b 1.35 ± 0.03b 11.51 ± 0.14b 52.37 ± 0.1
F1 7.52 ± 0.28a 8.56 ± 0.11d 0.68 ± 0.02e 2.54 ± 0.09f 48.16 ± 0.1
F2 7.73 ± 0.42a 9.25 ± 0.11b 0.88 ± 0.02d 5.80 ± 0.26d 69.02 ± 0.2
F3 6.93 ± 0.35b 9.14 ± 0.09c 0.72 ± 0.02e 5.40 ± 0.06e 60.76 ± 0.4
F4 6.48 ± 0.25c 10.60 ± 0.02a 4.10 ± 0.10a 11.97 ± 0.09a 47.38 ± 0.1
Values with different online letters in the same column are signiﬁcantly different (P < 0
R , dye extraction residue, F1 (80 mesh); F2 (200 mesh); F3 (270 mesh); F5 (centrifuged
a Moisture content expressed in wet basis (g/100 g w.t).(4)), ranging from 0 (undesirable response) to 1 (desired response).
The overall desirability function (G) (Equation (3)) was obtained
from the geometric means of individual desires. G was later
maximized by using the software Mathematic 5.0.
G ¼ gn11 ; gn22 ;……gnk1 1=K; (3)
where:
gi ¼
Yi  Ymin
Ymax  Ymin
; (4)
where Ymin was the minimum value of the response, Ymax was the
maximum value of the response, k was the number of considered
responses, and n was the weight of each response. In the case of
solubility, Equation (4) had to be redesigned, to obtain the mini-
mum values for this response (Equation (5)).
gi ¼
Ymax  Yi
Ymax  Ymin
(5)
Finally, turmeric ﬂour ﬁlms were prepared in the optimal con-
ditions, to validate the optimized process conditions obtained by
the multi-response analysis.3. Results and discussion
3.1. Turmeric ﬂour characterization
Table 1 shows the chemical composition of the turmeric dye
extraction residue (R) and of the turmeric ﬂour fractions (F1, F2, F3,
and F4). R contained starch, protein, lipid, cellulose, hemicellulose,
and soluble and insoluble lignin in its composition; starch was the
major component. The methodology shown in Fig. 1 yielded four
fractions of turmeric ﬂour; each fraction had distinct chemical
composition. Fraction F2 presented higher starch content and
lower cellulose, hemicellulose, and lignin contents than R, F1, F3,
and F4. The different chemical compositions of the R and the ﬂour
fractions led to turmeric ﬂour fractions with distinct microstruc-
tures (Fig. 2). R and F1 exhibited a more irregular, denser, and more
closely packed microstructure as compared with F2, F3, and F4
(Fig. 2). As observed by Kuttigounder et al. (2011) in cured-dried
turmeric powder, heating applied during Soxhlet extraction
(~47 C) may have caused partial starch gelatinization of R, and
posterior starch retrogradation during storage may have modiﬁed
the structure of R as compared with fresh turmeric rhizomes.
Meanwhile, Braga et al. (2006) observed that supercritical extrac-
tion of turmeric dye conducted in CO2 in a 1:1 mixture of ethanol/
isopropyl alcohol (10% v/v) at 30 C and 300 bar did not alter the
structure of turmeric residue, which allowed for later extraction of
starch granules. Therefore, the high temperature used during dyeCellulose Hemicellulose Soluble lignina Non-soluble lignina
8c 8.75 ± 0.05c 5.37 ± 0.29d 2.18 ± 0.04a 9.14 ± 0.59c
5d 10.93 ± 0.34a 15.14 ± 0.19a 2.23 ± 0.08a 11.76 ± 0.50a
9a 2.61 ± 0.24e 3.87 ± 0.95e 1.83 ± 0.05c 6.75 ± 0.57e
1b 3.43 ± 0.36d 10.28 ± 1.35b 1.97 ± 0.07b 8.30 ± 0.38d
5e 7.93 ± 0.32b 6.92 ± 0.47c 1.99 ± 0.03b 9.10 ± 0.30c
.05).
fraction).
Fig. 2. Microstructure of the turmeric residue (R) and the turmeric ﬂour fractions (F1,
F2, F3, and F4). The arrows show starch granules.
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whose closely packed structure retained the starch granules.
Indeed, starch granules were not as evident in R as compared with
F2, F3, and F4. The structures of R and F1 hindered the access of
water into the starch granule, which prevent starch gelatinization
during ﬁlmogenic solution preparation, consequently these mate-
rials did not form ﬁlms (Fig. 3a).
On the other hand, the micrographs of fractions F2, F3, and F4
clearly showed agglomerated starch granules and some loose
starch granules. The starch particles presented irregular surface.
The particles were not ﬂat, but elliptical. The starch granules
measured between 10 and 30 mm. Other authors have also reported
that turmeric starch granules have elliptical shape and sizes
ranging between 10 and 35 mm along the major axes (Braga et al.,
2006; Kuttigounder et al., 2011).
In a preliminary test (results not shown) in which the prepa-
ration of ﬁlms from F1, F2, F3, and F4 was attempted, F1 was the
only fraction that did not yield a ﬁlm. F2 presented the best per-
formance for ﬁlm formation (Fig. 3b). The lower content of ligno-
cellulosic material and the higher content of starch in F2 as
compared with F1, F3, and F4 may have contributed to this
outcome.3.2. Optimization of the turmeric ﬁlm
Table 2 summarizes the results of the 22 central composite
design (star conﬁguration) performed to evaluate how the heating
temperature (T) and pH inﬂuenced the turmeric ﬂour ﬁlms prop-
erties. Table 3 depicts the analysis of variance (ANOVA) and the
regression coefﬁcients of the second order polynomials models for
the tensile strength (TS), elongation at break (E), Young's modulusFig. 3. Pictures of turmeric ﬁlms produced with (a) turmeric residue (R) and (b)
turmeric ﬂour (F2).
Table 2
Mechanical properties, solubility inwater, moisture content, and water vapor permeability (WVP) of turmeric ﬂour ﬁlm plasticized with glycerol according to the full-factorial
design 22 central composite designs.
Test Ta (X1b) pH (X2b) TSc (MPa) E (%) YM (MPa) S (%) WVP (g mm h1 m2 kPa1) MC (g/100g)
1 80 (1) 7 (1) 6.3 ± 0.6 1.2 ± 0.1 765.9 ± 15.2 32.3 ± 0.3 0.483 ± 0.07 15.6 ± 0.6
2 80 (1) 9 (þ1) 9.2 ± 0.3 1.5 ± 0.3 875.0 ± 15.7 34.7 ± 0.5 0.283 ± 0.06 15.2 ± 1.4
3 90 (þ1) 7 (1) 10.1 ± 0.5 1.2 ± 0.3 1027.9 ± 84.1 37.7 ± 0.9 0.261 ± 0.08 16.5 ± 0.7
4 90 (þ1) 9 (þ1) 9.5 ± 1.9 1.4 ± 0.2 814.2 ± 15.0 42.1 ± 0.5 0.360 ± 0.02 16.4 ± 1.1
5 78 (1.414) 8 (0) 7.8 ± 0.2 1.1 ± 0.1 849.5 ± 13.6 35.1 ± 0.3 0.414 ± 0.01 19.4 ± 1.5
6 92(þ1.414) 8 (0) 12.7 ± 2.3 1.1 ± 0.5 1105.9 ± 65.0 41.6 ± 1.5 0.450 ± 0.08 14.6 ± 1.1
7 85 (0) 6.59(-1.414) 3.6 ± 0.4 1.2 ± 0.5 388.7 ± 68.5 38.3 ± 0.6 0.335 ± 0.05 16.6 ± 1.6
8 85 (0) 9.41(þ1.414) 4.2 ± 0.5 3.2 ± 0.1 246.8 ± 46.8 41.8 ± 1.9 0.236 ± 0.03 16.6 ± 1.2
9 85 (0) 8 (0) 8.8 ± 0.5 2.3 ± 0.1 539.7 ± 68.1 33.5 ± 1.6 0.300 ± 0.12 16.9 ± 2.0
10 85 (0) 8 (0) 8.9 ± 1.0 2.0 ± 0.2 643.7 ± 65.5 32.7 ± 0.6 0.300 ± 0.04 16.5 ± 1.2
11 85 (0) 8 (0) 8.3 ± 1.9 2.1 ± 1.0 566.5 ± 23.4 32.5 ± 1.0 0.303 ± 0.11 16.0 ± 1.1
a T (C).
b Independent variables values (the values between brackets are the coded variables).
c Tensile strength (TS), elongation at break (E), Young's modulus (YM), solubility (S), water vapor permeability (WVP), moisture content (M), opacity (OP).
Table 3
Regression coefﬁcients and analysis of variance (ANOVA) for responses variables.
Coefﬁcients Tensile strength
(MPa)
Elongation
at break (%)
Young's modulus
(MPa)
Solubility in
water (%)
WVPa
(g mm h1 m2 kPa1)
Moisture content
(g/100 g)
Y1 Y2 Y3 Y4 Y5 Y6
bo 9.88* 2.09* 549.92* 32.90* 0.30* 16.27*
Linear
b1 1.38* 0.012 70.48 2.75* 0.012* 0.58*
b2 0.39 0.42* 38.16 1.47* 0.030* 0.06
Quadratic
b11 1.15* 0.58* 287.46* 2.10* 0.063* 0.15
b22 2.36* 0.047 60.35 2.95* 0.010* 0.05
Interactions
b12 0.88 0.025 80.70 0.50 0.074* 0.08
R2 0.72 0.80 0.72 0.90 0.92 0.24
Fcalculated 11.74 14.65 22.72 12.67 10.88 2.10
Flisted 3.07 3.11 3.36 3.18 3.45 3.36
Fcalculated/Flisted 3.82 4.71 6.76 3.98 3.15 0.62
*Signiﬁcant factors (p < 0.05 or 95% conﬁdence interval).
a Water vapor permeability.
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permeability (WVP) of turmeric ﬂour ﬁlms. The analysis of variance
(ANOVA) showed that, except for MC, the ﬁtted models were sta-
tistically signiﬁcant (p < 0.10) for all the studied responses
(Fcalculated > Flisted). However, only the models developed for TS, E,
YM, and S were predictive, because their F ratio (Fcalculated/Flisted)
was higher than the corresponding Flisted (Table 3). Hence, we
generated the response surfaces for these properties.3.2.1. Mechanical properties of ﬁlms
Fig. 4(aec) depicts the response surfaces for TS, E, and YM of the
turmeric ﬂour ﬁlms plasticized with glycerol. The response surface
for TS revealed that increasing heating temperature (T) improved
the mechanical resistance of the turmeric ﬁlms, with maximum TS
values occurring at temperatures > 90 C for pH lying between 7.5
and 9 (Fig. 4a). Therefore, higher T and alkaline pH produced a
denser and mechanically stronger polymer matrix. This behavior
also emerged in the case of the achira and amaranth ﬂour ﬁlms
(Andrade-Mahecha et al., 2012; Tapia-Blacido et al., 2011).
On the other hand, a maximum region for E appeared for T
between 82 and 88 C and pH between 8 and 9.4 (Fig. 4b). This
behavior was different for the turmeric ﬂour ﬁlm plasticized with
30 g of sorbitol/100 g of ﬂour (Maniglia et al., 2014), for whichhigher temperatures (85e92 C) and lower pH (7.5e8.5) furnished
larger E values.
Fig. 4c revealed that YM was strongly inﬂuenced by T and
regardless of pH. The effect of T on the mechanical properties
turmeric ﬂour ﬁlms is associated with starch gelatinization and
protein denaturation. Braga et al. (2006) studied the turmeric
starch gelatinization. These authors reported that the values of
onset temperature (To), peak temperature (Tp), and conclusion
temperature (Tc) were 70.8, 81.0, and 97.0 C, respectively. Since
that turmeric ﬂour ﬁlms more resistant mechanically were pro-
duced at higher T values (>85 C) corresponding to temperature
values above Tp is expected that in this conditionmost of the starch
granules should be gelatinized. Thus, higher heating temperature
must have increased the number of interactions of amylose and
amylopectin with other components of the polymeric matrix
(proteins, lipids, and ﬁbers). The high temperature used to prepare
the ﬁlms should elicit a closely packed state where extensive
intermolecular bonding occurs, thereby inhibiting further orienta-
tion and better alignment of the protein and starch chains
(Arvanitoyannis, Nakayama, & Aiba, 1998).
On the other hand, higher temperature promotes also protein
denaturation, which may also have increased the number of in-
teractions such as proteineprotein and starch-protein. Since that
Fig. 4. Tensile strength (a), elongation at break (b), and Young's modulus (c) of turmeric ﬂour ﬁlms plasticized with glycerol as a function of heating temperature and pH.
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phenoleprotein interactions can also be found in the turmeric ﬁlm
matrix. Lignin is a polyphenolic compound located on the ﬁber
surface, plyphenoleprotein interactions can be formed in protein/
ﬁber matrix (Monta~no-Leyva et al., 2013).
The effect of pH on TS and E is also associated with starch
gelatinization. Builders, Mbah, Adama, and Audu (2014) observed
that the tigernut starch gelatinization temperature was remarkably
sensitive to pH: the gelatinization temperature was higher in
neutral pH as compared with dispersions in pH 9.2 and 4.0. In other
words, pH can change the starch gelatinization temperature and
consequently modify ﬁlm properties. When the starch granule
becomes less structured, different interactions among the polymers
(amylose, amylopectin, proteins, and ﬁbers) present in the turmeric
ﬂour arise, leading to a more homogeneous matrix. Fig. 4 shows
that alkaline pH (7.5e9) affords ﬁlms that are more resistant torupture, which suggests that these pH conditions require a higher
temperature for turmeric ﬂour starch gelatinization. Higher pH
may also have solubilized the turmeric proteins, improving their
dispersion within the ﬁlmogenic matrix.3.2.2. Film solubility
Fig. 5 shows that it is possible to produce less soluble turmeric
ﬂour ﬁlm at heating temperatures between 78 and 85 C and in pH
between 7 and 8.4. The lower solubility of the turmeric ﬁlm ob-
tained at lower T and intermediate pH values may be associated
with incomplete starch gelatinization in the turmeric ﬂour. The
turmeric ﬂour ﬁlm plasticized with sorbitol also presented a region
of minimum S as a function of pH (>7.5) and T (80e88 C) as
compared with the turmeric ﬂour ﬁlm plasticized with glycerol
(Maniglia et al., 2014). Hence, the effect of process conditions on
turmeric ﬁlm solubility may vary depending on the plasticizer.
Fig. 5. Solubility in water of turmeric ﬂour ﬁlms plasticized with glycerol as a function
of heating temperature and pH.
Table 4
Predicted and experimental values of the responses in the optimum conditions.
Properties Predicted Experimental RDa (%)
Tensile strength (MPa) 9.87 8.88 ± 1.66 11.15
Elongation at break (%) 2.14 1.97 ± 0.33 8.63
WVP (g mm h1 m2.KPa1) 0.296 0.352 ± 0.05 15.91
Solubility (g/100 g) 33.20 37.23 ± 1.95 10.82
a Relative deviation (RD): [(experimental value-predicted value)/experimental
value]  100.
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The models calculated for TS, E, and S of the turmeric ﬂour ﬁlms
(Table 3) furnished the desirability function (G). The gi functionwas
obtained by considering the minimum and maximum values of
each response variable derived from the experimental results ob-
tained in the experimental design (Table 2). The optimal process
conditions leading to the maximum global desirability of the G
function were T ¼ 85.1 C and pH ¼ 8.1.
The optimization methodology was validated for production of
turmeric ﬂour ﬁlms under the optimized process conditions. TS, E,
S, and WVP of the optimized turmeric ﬂour ﬁlms were compared
with values predicted by the models (Table 4). The relative devia-
tion values revealed that the predicted and experimental data
correlated well.Fig. 6. SEM micrographs (magniﬁcation 500x) of turmeric ﬂour ﬁlms produced in the
optimized process conditions. (a) Cross section, and (b) Surface.3.4. Characterization of the optimized turmeric ﬂour ﬁlm
The turmeric ﬂour ﬁlms prepared with the optimal formulation
and bearing glycerol as plasticizer were less resistant (8.9 MPa)
than the turmeric ﬂour ﬁlm plasticized with sorbitol (17.99 MPa)
(Maniglia et al., 2014). Meanwhile, the TS value was close to the TS
value reported for banana ﬂour ﬁlms (9.2 MPa) (Pelissari et al.,
2013) and higher than the TS value of other ﬂour ﬁlms likeachira, quinoa, and amaranth (Andrade Mahecha et al., 2012;
Araujo-Farro, Podadera, Sobral, & Menegalli, 2010; Tapia-Blacido
et al., 2011). However, E was much lower (1.97%) than the E values
achieved for rice ﬂour and cellulose ﬁber ﬁlms (4.0%) (Dias, Muller,
Larotonda, & Laurindo, 2011), amaranth ﬂour ﬁlm of caudatus and
cruentus species (83.7 and 51.9%) (Tapia-Blacido et al., 2011), achira
ﬂour ﬁlms (22%) (Andrade-Mahecha et al., 2012), and banana ﬂour
ﬁlms (24.2%) (Pelissari et al., 2013). Regardless of the plasticizer
type (glycerol or sorbitol), the turmeric ﬂour ﬁlms were less
elongable than other ﬂour ﬁlms. The presence of hemicellulose and
lignin and incomplete starch gelatinization could make incorpo-
ration of glycerol and sorbitol into the polymeric matrix difﬁcult.
WVP (0.980  1010g m1 s1 Pa1) of turmeric ﬂour ﬁlm
plasticized with glycerol was greater than WVP of the ﬁlm plas-
ticized with sorbitol (0.415  1010 g m1 s1 Pa1) (Maniglia
et al., 2014). This result was expected: glycerol can interact with
water, which facilitates permeation of this plasticizer through the
ﬁlm (Galdeano, Mali, Grossmann, Yamashita, & García, 2009).
Sorbitol hygroscopicity is low, because it can crystallize at room
temperature and displays high relative humidity (Talja, Helen,
Roos, & Jouppila, 2007). On the other hand, WVP of the turmeric
ﬂour ﬁlm plasticized with glycerol was greater than WVP of
amaranth ﬂour ﬁlms (0.7  1010 g m1 s1 Pa1) (Tapia-Blacido
et al., 2011) and lower than WVP of banana ﬂour ﬁlms
(2.1  1010 g m1 s1 Pa1) (Pelissari et al., 2013).
The turmeric ﬂour ﬁlm had lower S (37.23%) than achira ﬂour
ﬁlms (Andrade-Mahecha et al., 2012), but larger S than banana
(18.7%) and quinoa (18.7%) ﬂour ﬁlms (Pelissari et al., 2013).
Fig. 7. HPLC proﬁle for (a) the extract from turmeric pie and (b) turmeric ﬂour ﬁlm
prepared in the optimized conditions. Peaks relative to bisdemethoxycurcumin (1),
demethoxycurcumin (2), and curcumin (3).
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similar to the S values achieved for turmeric ﬂour ﬁlms plasticized
with sorbitol. The matrix must have incorporated the ﬁbers present
in the turmeric ﬂour more easily, which suggested good degree of
ﬁberematrix interactions. Such strong interaction between the
matrix and the ﬁbers meant that the matrix and water interacted
less, leading to lower S. Müller, Laurindo, and Yamashita (2009) also
found that S decreased in cassava starch ﬁlms with increasing
amount of ﬁbers (cellulose).
Fig. 6 depict the turmeric ﬂour ﬁlms microstructure as analyzed
by SEM at 500x. The turmeric ﬁlms showed a homogeneous and
rough surface. The starch-ﬁber, protein-ﬁber and ﬁbereﬁber in-
teractions into ﬁlm matrix may have afforded the rougher surface
causing discontinuity of the ﬁlm matrix and consequently lower
elongation at break of ﬁlms (Fig. 6a). Since that the turmeric ﬁlm
presents a complex composition due to the presence of ﬁber, pro-
tein, starch, lipid and glycerol, the cross-section revealed a dense
and irregular structure (Fig. 6b). It may have been related to theTable 5
Curcuminoids concentration and antioxidant activity (AA) for turmeric residue, ﬂour (F2
Samples Curcumin (mg/L) Demethoxycurcumin
Turmeric residue 15.02 ± 1.11 25.50 ± 2.47
Flour 10.26 ± 0.10 16.75 ± 0.31
Optimized ﬁlm 2.18 ± 0.02 1.41 ± 0.00
Calibration curve: Curcumin: 17.19e0.54 (103 g L1), R2 ¼ 0.992; Bisdemethoxycur
(103 g L1), R2 ¼ 0.999.different interactions such as starch-ﬁber, starch-protein,
starchestarch, proteineprotein, protein-ﬁber that forming the
turmeric ﬁlm matrix. This type of structure was also observed in
amaranth and chia ﬂour ﬁlms (Colla, Sobral, & Menegalli, 2006;
Dick et al., 2015; Tapia-Blacido et al., 2007).3.5. Antioxidant activity
HPLC analysis of the optimized turmeric ﬂour ﬁlm evidenced
peaks with retention times similar to those that emerged in the
chromatogram of turmeric extract (Fig. 7). This conﬁrmed the
presence of curcuminoids (curcumin, demethoxycurcumin, and
bisdemetoxycurcumin) in the turmeric ﬁlm (Table 5). However, the
curcuminoids concentration in the ﬁlm was lower as compared
with the curcuminoids concentration in R and F2, indicating that
the ﬁlm production process caused loss of curcumunoids (Table 5).
Because ﬁlm production was conducted at high heating tempera-
ture for 4 h to achieve starch gelatinization, this process caused loss
of 78% curcumin, 91% demethoxycurcumin, and 60% bisdeme-
thoxycurcumin. The turmeric ﬂour fraction F2 presents lower cur-
cuminoids concentration as compared to turmeric residue (R),
indicating that the ﬂour production process by wet milling and
sieving caused loss of 32% curcumin, 34% demethoxycurcumin, and
33% bisdemethoxycurcumin.
DPPH analysis of the residue and turmeric ﬂour also conﬁrmed
loss of antioxidant activity of turmeric ﬂour (Table 5). The opti-
mized ﬁlms also had lower antioxidant activity than turmeric ﬂour
and residue. Curcuminoids loss due to heating during ﬁlm pro-
duction should have decreased the antioxidant activity of ﬁlms.
Together, these results demonstrated that shorter heating time
should reduce curcuminoids loss.4. Conclusion
The temperature used during turmeric dye extraction by the
Soxhlet method promoted partial starch gelatinization and subse-
quent starch retrogradation in the turmeric rhizomes, which
modiﬁed the structure of the turmeric dye extraction residue. This
prevented ﬁlm production from turmeric residue and required
preparation of turmeric ﬂour to obtain the desired ﬁlm. The
turmeric ﬂour originating from the turmeric dye extraction residue
contained starch, cellulose, lignin, hemicellulose, proteins, lipids,
and remnants of curcuminoids, being potentially applicable in the
preparation of active biodegradable ﬁlms. The presence of these
components inﬂuenced the ﬁlm structure and afforded less
elongable ﬁlms as compared with other ﬂour ﬁlms. The heating
temperature and pH affected ﬁlm properties, solubility, and water
vapor permeability. The response surface methodology and multi-
response analyses allowed optimization of process conditions, to
produce turmeric ﬂour ﬁlms with better mechanical properties and
lower solubility. These conditions were T ¼ 85.1 C and pH ¼ 8.1.), and optimized ﬁlm.
(mg/L) Bisdemethoxycurcumin (mg/L) AA (%)
22.19 ± 0.31 74.4 ± 0.42
14.86 ± 0.91 66.6 ± 1.28
5.81 ± 0.11 46.0 ± 1.34
cumin: 35.00e0.27. (103 g/L1), R2 ¼ 0.999; Demethoxycurcumin: 48.40e0.19
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